Recent research has highlighted some unique aspects of chromatin biology in the malaria parasite Plasmodium falciparum. During its erythrocytic lifecycle P. falciparum maintains its genome primarily as unstructured euchromatin. Indeed there is no clear role for chromatin-mediated silencing of the majority of the developmentally expressed genes in P. falciparum. However discontinuous stretches of heterochromatin are critical for variegated expression of contingency genes that mediate key pathogenic processes in malaria. These range from invasion of erythrocytes and antigenic variation to solute transport and growth adaptation in response to environmental changes. Despite lack of structure within euchromatin the nucleus maintains functional compartments that regulate expression of many genes at the nuclear periphery, particularly genes with clonally variant expression. The typical components of the chromatin regulatory machinery are present in P. falciparum; however, some of these appear to have evolved novel species-specific functions, e.g. the dynamic regulation of histone variants at virulence gene promoters.
INTRODUCTION
Recent studies have increased our understanding of the nuclear biology and chromatin structure of the malaria parasite Plasmodium falciparum. These studies have focussed nearly exclusively on the haploid, asexual erythrocytic stage of the parasite's lifecycle. The parasite cyclically expresses the majority of its genome during the erythrocytic lifecycle [1] and 5% of the annotated P. falciparum genes have clonally variant expression during this stage [2] . These clonally variant genes localise to discontinuous domains of facultative heterochromatin [2] . Their heritable, variegated expression is largely not a determinant of differentiation during the asexual, erythrocytic lifecycle because most of these unicellular parasites follow the same pathways of differentiation. Instead, these clonally variant genes are enriched in gene families that encode proteins that are exported and proteins that mediate contingency functions related to the parasite's interaction with its environment. These include redundant pathways of erythrocyte invasion, nutrient transport, metabolism, transcriptional regulation and variant antigen expression.
Several chromatin components of P. falciparum have been studied at a genomic level. Some of these are associated with gene expression, e.g. acetylation of lysines 8 of histone 4 and 9 of histone 3 (H4K8ac and H3K9ac), while others largely Michael Duffy is a senior research officer at the University of Melbourne. His research focuses on molecular aspects of malaria pathogenesis and its control by chromatin regulators. Shamista Archana Selvarajah is a PhD student at the University of Melbourne. She is investigating epigenetic regulatory mechanisms in the malaria parasite. Gabrielle Anna Josling is a PhD student at the University of Melbourne. Her research focuses on chromatin control of malaria pathogenesis. Michaela Petter is a postdoctoral scientist in the Duffy laboratory at the University of Melbourne. Her research focuses on P. falciparum variant antigen families and on epigenetic mechanisms that regulate their expression. define structural domains within the genome, e.g. PfCenH3. There is no evidence that these components determine heritable states of variegated gene expression. However many of them do contribute to DNA sequence independent chromatin structures that regulate transcription within a single parasite lifecycle. Therefore we will include them in this discussion of the epigenome. Other aspects of nuclear biology that are associated with epigenetic control within Plasmodium include trans factors like PfHP1, long non-coding (lnc) RNAs and sub-nuclear localisation of expression competent sites. The field of chromatin structure in Plasmodium has been thoroughly reviewed in recent years [3] [4] [5] so this review will focus on the most recent discoveries, particularly those with a genomic impact.
PLASMODIUM FALCIPARUM CHROMATIN STRUCTURE
Plasmodiumfalciparum has a unique chromatin architecture during its intra-erythrocytic lifecycle. An unusually high proportion of its genome is maintained as euchromatin [6] that is not organised into chromosome territories or otherwise structurally constrained within the nucleus [7] . However, there are regions of heterochromatin that stretch from the telomeres into subtelomeric domains and that are also scattered through the chromosome bodies [8, 9] . The regions of heterochromatin maintain clusters of genes in a silent state and are defined by increased nucleosomal occupancy, histone deacetylation, histone 3 trimethylation at lysine 9 (H3K9me3) and the heterochromatin protein PfHP1 [8, 9] . H3K9me3 is discontinuous across these regions so that contiguous genes within the regions are not co-ordinately regulated [2, 9] .
Plasmodium falciparum histones carry an extensive complement of post-translational modifications ( Figure 1 ). These are mediated by chromatin-modifying enzymes, of which several have recently been experimentally validated (Table 1) . Nucleosome composition and density fluctuate across the 48 h intra-erythrocytic cycle and some nucleosome characteristics correlate with transcription (reviewed in [4] ). The intergenic regions (IGRs) of transcribed genes are enriched in H3K9ac [6, 26, 27] ) and H4K8ac [10] and depleted of nucleosomes in some [27, 28] but not all studies [26, 29] . This latter controversy remains unresolved. H3K56ac, H4K16ac and H4ac4 are enriched at the 5 0 ends of transcribed ORFs. All of the transcription-associated modifications are significantly enriched in genes important for growth and interactions with the host environment [10] . H3K4me3 has been shown to be enriched in IGRs either throughout the intra-erythrocytic cycle [10] or in mature parasites only [26] and, unlike in other eukaryotes, this is largely independent of transcription [26] . H3K4me3 was also reported to be enriched at the 5 0 ORF of transcribed genes in one of these studies [10] but not the other [26] . H3K79me3 is also enriched at IGRs independent of transcription but is maintained there throughout the erythrocytic lifecycle [10] . Plasmodium falciparum histone acetylations probably act co-ordinately because their occupancy largely correlates but histone methylations appear to be enriched independently of other modifications [10] . Phosphorylations have also been identified on all histones except H4 ( Figure 1 ) but they have not been mapped to the genome or further characterised beyond demonstrating that two H3 phosphorylations could bind the scaffolding protein 14-3-3I [11] .
HISTONE VARIANTS
In addition to the four canonical histones P. falciparum expresses four histone variants, PfCenH3, PfH3.3, PfH2A.Z and PfH2B.Z. Protist parasites of the trypanosomatids and apicomplexa are unique in possessing lineage-specific variants of H2B [30] . Curiously, these phyla have converged in the evolution of divariant nucleosomes. The apicomplexan P. falciparum and Toxoplasma gondii H2B.Z orthologues and the independently evolved H2Bv of the distantly related kinetoplastid Trypanosoma brucei all exclusively dimerise with their cognate H2A.Z histone variants [26, 29, [31] [32] [33] [34] . In both phyla, these divariant nucleosomes are enriched at transcriptional start sites together with euchromatic histone modifications [26, 29, [31] [32] [33] [34] [35] .
PfH2A.Z and PfH2B.Z levels do not generally fluctuate across the intra-erythrocytic lifecycle and nor do they correlate with temporal gene transcription. However, promoters with the highest levels of PfH2A.Z and PfH2B.Z enrichment are the most highly transcribed during the intra-erythrocytic lifecycle [26, 29] . Similarly, in Saccharomyces cerevisiae high levels of H2A.Z at the promoter are required for the expression of many genes despite an anticorrelation with temporal transcription [36] . These findings suggest an evolutionarily conserved role for H2A.Z in defining the potential of genes for expression. Interestingly, the static enrichment of PfH2A.Z/PfH2B.Z at gene regulatory regions contrasts with the dynamic deposition of the chromatin modifications H3K9ac and H3K4me3 [26] , suggesting that the histone variants define the regulatory sequences which the other dynamic histone modifications help to activate. Nucleosomes-containing PfH2A.Z/PfH2B.Z also have an independent association with AT content which could be a determinant of the unique chromatin structure of regulatory sequences [29] .
Fourteen of the 33 histone acetylations reported in P. falciparum are unique modifications of the N terminal tails of PfH2B.Z and PfH2A.Z [12, 37] . Clearly these acetylations are functionally important and could exert a similar, dynamic influence on gene expression as in other organisms [38] [39] [40] . Acetylation of H2A.Z destabilises nucleosomes [41] which could allow access to transcription factors. The non-acetylated H2A.Z N terminal tail also directly interacts with exposed DNA that could interact with transcription factors when the N terminal tail was acetylated [42] . The acetylated histone tails could also directly recruit trans factors as P. falciparum has seven bromodomain proteins that could bind to these acetylations [4] .
In other organisms, histone variants define specialised structural and functional domains of H3K4me1, H3K4me2 [24, 25] Histone arginine methylation PfPRMT1 H4R3me [16] the genome. One such domain is the 4-4.5 kb P. falciparum centromere which contains a 2.5 kb extremely AT-rich core that appears sufficient for chromosome segregation [43, 44] . The centromere function does not appear sequence specific but may relate to AT content and the biophysical effect on nucleosome formation. As in other eukaryotes, centromeric nucleosomes protect shorter lengths of DNA than typical nucleosomes and contain both the centromere-specific histone variant PfCenH3 and PfH2A.Z [45] . Centromeric H2A.Z is required for sister chromatid cohesion in yeast [46] . Greater affinity of the variant nucleosomes for high AT centromeric DNA may serve to nucleate centromere formation [45] . Interestingly, P. falciparum lacks the pericentric H3K9me3/HP1-enriched heterochromatin that is required for kinetochore formation in other eukaryotes [8, 45] . Transcription of centromeric non-coding RNAs peaks post-replication, and these RNAs appear to be retained at the centromere [47] . Presumably these RNAs play an important role in centromere definition, possibly through determining access for nucleosome formation at replication [48] or through recruitment of chromatin-defining trans factors [49] . Prior to the first S phase the centromeres do not associate [7, 45] but coincident with the formation of the centriolar plaques (the P. falciparum equivalent of a centrosome) the centromeres form a single cluster per nucleus which is then maintained through successive rounds of mitosis [50] . Plasmodium falciparum H3.3 carries the euchromatic modifications H3.3K4me3 and H3.3K9ac consistent with its enrichment in actively transcribed genes of many other organisms. In vertebrates, incorporation of the histone variant H3.3 further reduces the stability of H2A.Z-containing nucleosomes and H2A.Z/H3.3-containing nucleosomes are enriched in the promoters and enhancers of active genes [51, 52] . H3.3 plays a critical role in development post-fertilisation and is an important component of pericentric and telomeric heterochromatin in other eukaryotes [53, 54] . PfH3.3 has not been characterised and could form unstable triple-histone variant nucleosomes with PfH2B.Z and PfH2A.Z at gene regulatory sites.
EPIGENETIC CONTROL OF VAR VIRULENCE GENES
Much of the knowledge of epigenetic mechanisms in P. falciparum has been acquired through the study of variegated expression of var genes. The 60 member var multigene family encodes the P. falciparum Erythrocyte Membrane Protein 1 (PfEMP1) proteins which are key virulence factors that mediate antigenic variation and cytoadhesion [55] . The var genes are located in silent clusters within the heterochromatic regions but a single var gene escapes silencing and is abundantly transcribed [56] . The parasite switches between the exclusively transcribed var genes using epigenetic mechanisms [57] .
The single active var gene is only transcribed in immature ring stage parasites and is transiently repressed as the parasite matures. The TSS of the transcribed var gene is enriched in the euchromatic marks H3K9ac and H3K4me3 and the transiently repressed var gene is enriched in H3K4me2, suggesting that H3K4me2 confers epigenetic memory for reactivation of the same var gene in the mitotic progeny [24] . Silencing of var genes requires histone deacetylation by the PfSir2A & B histone deacetylases [56, 58] and silent var genes are enriched in H3K9me3 and PfHP1 across their 5 0 UTR and ORF [8, 9, 24, 59] .
Disruption of the histone methyltransferase PfSETvs causes loss of H3K36me3 at the promoters of var genes in P. falciparum heterochromatin and leads to their de-repression [13] . H3K9me3 is also depleted at the promoter of the activated var gene in PfSETvs knockout parasites, indicating that deposition of the two modifications are inter-dependent and/or that gene activation cannot occur in the presence of either. Interestingly, the var gene bodies remain enriched in H3K9me3 and H4K20me3 which are thus not sufficient for silencing var genes [13] . PfSETvs also silences rifin and stevor variant gene families and 76 other clonally variant expressed genes, suggesting that the remaining clonally variant genes are repressed by other mechanisms. Parasites in which PfSETvs has been disrupted retain H3K36me3 at the 3 0 end of transcribed non-var genes in ring stages and throughout var genes in schizont parasites. This shows that H3K36me3 has different functions at different sites and stages and is conferred by different histone methyltransferases.
Histone variants are also implicated in the regulation of var virulence genes. PfH2A.Z and PfH2B.Z are depleted in P. falciparum heterochromatin [26] and are also depleted at the transcriptional start site of silent var genes. However, the single, active var gene transcriptional start site is enriched in PfH2A.Z/PfH2B.Z in immature parasites [31, 32] .
As the parasites mature PfH2A.Z/PfH2B.Z is evicted from the transcriptional start site of the now transiently repressed var gene. The depletion of PfH2A.Z from some silent and transiently repressed var genes is dependent on the histone deacetylase PfSir2A, implicating the acetylation of histones within the PfH2A.Z/PfH2B.Z nucleosome in the unique dynamics of PfH2A.Z/PfH2B.Z at var gene transcriptional start sites [31] . Importantly, PfH2A.Z/ PfH2B.Z remain statically enriched at the transcriptional start site of euchromatic and other heterochromatic genes that are subject to phase variable expression, regardless of their expression status [32] . Thus the correlation between dynamic enrichment of PfH2A.Z and PfH2B.Z at the transcriptional start site and gene expression is unique to var genes.
Var gene silencing is also dependent on the activity of the var gene's cognate intronic promoter [60, 61] . The intron is enriched in PfH2A.Z and PfH2B.Z constitutively [32] and in H3K36me3 when the intronic promoter is silent [13] . The var upstream sequence and the var intron sequence each contain insulator-like sequences that compete for the same nuclear proteins and which are paired to achieve var gene silencing [62] This is reminiscent of the looping of distant CTCF-binding insulator sequences to achieve gene regulation [63] . However, the only interactions associated with var gene transcription observed between DNA sequences genome wide did not include the intron. Instead, enhanced interactions were detected between other sequences close to the active var gene, including multiple sequences within chromosome internal var gene clusters and sequences adjacent and upstream of active subtelomeric var genes that included sequences transcribed as lncRNAs (see below) [7] . Whether these interactions are functional or secondary to other chromatin changes is unknown but these findings do argue against the existence of a single trans enhancer that can only interact with a single var gene as the explanation for var gene allelic exclusive expression [7] .
SUB-NUCLEAR ARCHITECTURE AND EXPRESSION SITES
Both subtelomeric and central var genes are tethered as silent clusters at the nuclear periphery [9] . Typically a single var gene leaves the cluster and moves to a specific site at the nuclear periphery where it is expressed [9, 56] . However, the expression site can accommodate more than one active var gene [64] [65] [66] and it is also the site where the clonally variant rifin genes are transcribed [67] . The methyltransferase SET10 that di-and trimethylates H3K4 at var promoters is also located at the var expression site [24, 25] .
These subtelomeric clusters are developmentally regulated; in early ring stage parasites the telomeres appear as a single cluster that separates and spreads across the surface of the nucleus as the parasite matures [50] . The telomeric cluster dynamics parallel the spreading of nuclear pores from a polar cluster across the surface of the maturing parasite nucleus [68] . By electron microscopy, P. falciparum heterochromatin is diffused as patches throughout the nucleus until it condenses in late stage mature parasites whereas the nuclear pores remain surrounded by euchromatin [68] . The nuclear pore protein PfSec13 co-precipitates var gene sequences [69] but neither the active var gene nor the perinuclear expressed 18S rRNA genes [70] , nor the heterochromatin marks enriched at silent var gene clusters [69] co-localise with nuclear pore components. Further differentiating nuclear pores from the var gene perinuclear expression site are the observations that the nuclear pores are structured by tubulin and do not associate with the F actin that binds var introns and tethers them to the nuclear periphery [69, 71] .
Telomeric sequences alone are also sufficient for perinuclear tethering [72] and non-var genes located in the discontinuous facultative heterochromatin preferentially interact with other heterochromatic sequences and are also retained at the nuclear periphery. In contrast, euchromatic chromosomal regions have no preferential sequence interactions and are present throughout the nucleoplasm [7, 9] . Interestingly, the tethering of P. falciparum telomeres to the nuclear periphery is not dependent on the Ku proteins as these have been lost from the Plasmodium genome [73] .
The phase variably expressed PfRh4 gene encodes a redundant invasion pathway and is also resident in subtelomeric heterochromatin [8] . Silent PfRh4 associates with the telomeric clusters at the nuclear periphery which are formed by protein interactions with subtelomeric repeat sequences [74, 75] . PfRh4 sporadically leaves the silent telomeric cluster to co-localise with a transcriptionally active perinuclear region that is occupied by the same transcribed plasmid that was used to originally define the var gene expression site [76] . Once in this expression site the PfRh4 promoter can be remodelled with demethylation and acetylation of H3K9 leading to expression [76, 77] . Thus occupancy of the expression site increases the frequency of gene activation but is independent of transcription per se. Whether this expression site is the same site as the var gene expression site is unclear but plainly dynamic occupancy of perinuclear expression sites is a mechanism employed by multiple genes and gene families in P. falciparum, including genes that do not have variegated expression [76] .
The single nucleolus is another sub-nuclear structure that is localised to the nuclear periphery. rRNA genes are scattered across the chromosomes but rDNA sequences target them to the nucleolus. Subtelomeres carrying rRNA genes preferentially associate with the nucleolus [78] , and indeed the strongest inter-chromosomal interaction across the genome is between asexual expressed rRNA genes [7] . The nucleolus also appears to be functionally connected with telomere biology. A link between telomeres and the nucleolus in P. falciparum was first established by the demonstration that PfTERT, the Plasmodium orthologue of telomeric reverse transcriptase, co-localises with the nucleolar protein PfNop1 [79] . The nucleolus functions in assembling ribonucleoproteins, thus it might provide the environment necessary for the assembly of the RNA-containing telomerase complex, and/or regulate access to the telomeres through recruitment of telomeres to the nucleolus or by releasing small quantities of the telomerase complex.
The P. falciparum origin recognition complex 1 protein (PfOrc1) is an unusually complex multidomain protein that has been implicated in DNA replication and var gene regulation and it also localises to the nucleolus [80, 81] . The N-terminus of PfOrc1 binds to telomere-associated repeat elements (TAREs) and var gene promoters [80] where it is proposed to contribute to heterochromatin structure and var gene silencing [81] . The loading of PfOrc1 to TAREs depends on PfSir2A, but PfOrc1 overexpression inhibits PfSir2A binding to TAREs and var promoters and causes var de-repression [80] . This mutually dependent relationship is reminiscent of the Orc1/Sir2 interaction in the yeast Kluyveromyces lactis, where telomeric Orc1 binding is required for Sir2 recruitment, which in turn nucleates Orc1 spreading and telomeric heterochromatin formation [82] .
NON-CODING RNA
Non-coding RNAs are also implicated in the structure and function of chromatin in P. falciparum. Non-coding, antisense (AS) RNAs from 312 P. falciparum genes were recently detected by RNAseq [83] . Although more AS RNAs were detected per exon in asexual than sexual stage parasites, more genes had complete coverage with AS RNA in sexual stages including 40 that lacked sense transcripts. There were also genes that were antisense transcribed in gametocytes and sense transcribed in asexual stages. Both of these observations are suggestive of a role for AS RNA in silencing the cognate genes upon transition to the sexual lifecycle [83] . lncRNAs are also implicated in regulating telomeric chromatin and var gene silencing. 23 independently transcribed lncRNAs with no homology to annotated genes were detected in P. falciparum by tiling array. These included the Plasmodium-conserved lncRNA-TARE-4L which is transcribed post-replication from repetitive sequence between the telomere and a subtelomeric upsB type var gene [84] . The lncRNA-TARE-4L contains binding sites for the PfSIP2 protein that also binds and represses upsB var promoters [84, 85] . Interactions within the DNA from which lncRNA-TARE-4L is transcribed are associated with transcription of the adjacent upsB var gene [7] , implicating the lncRNA in var gene regulation. Non-coding RNAs are also bi-directionally transcribed from the var gene intron at the same time as lncRNA-TARE-4L and the non-coding var RNAs associate with chromatin and may be retained with the telomeric clusters [86] reminiscent of Xist in X chromosome inactivation. Another study found that RNA polymerase II transcribed two adjacent subtelomeric regions towards the telomere as lncRNAs which bound nuclear proteins including histones. However, these lncRNAs did not remain associated with telomeric clusters but instead localised to a novel perinuclear compartment distinct from those occupied by the active var gene or the nucleolus [87] . These latter findings argue against lncRNA recruitment of silencing factors to subtelomeric heterochromatin unless only a single subtelomeric lncRNA is transcribed per parasite.
PLASMODIUM EPIGENETICS IN PATHOGENESIS
It has been known for some years that epigenetic mechanisms control the key P. falciparum pathogenic processes of antigenic variation, sequestration of infected erythrocytes and selection of erythrocyte invasion pathways [57, 77, 88, 89] . However more recently other epigenetic contributors to virulence have been elucidated. The parasite uses epigenetic mechanisms to switch between exclusive expression of the CLAG3.1 and 3.2 proteins which are exported to the infected erythrocyte where they are required for solute transport across the erythrocyte membrane [90, 91] . Switching from expression of clag3.2 to clag3.1 or to repression of both clag3 genes causes diminishing transport of the drug blasticidin-S into the erythrocyte and thus confers resistance to the drug [90] . Thus transport into the infected erythrocyte of specific solutes including nutrients and toxins is regulated by epigenetic mechanisms and confers virulence through rapid adaptation to diverse host environments [90] . Similarly, rapid adaptation to the host environment is conferred on isogenic P. falciparum clones through clonally variant adaption to growth after exposure to simulated host fever through heat shock [2] .
Fever and increased blood lactate are also associated with increased expression of PfSir2A implicating Sir2A histone deacetylation in the parasite response to host environment [92] . PfSir2A and PfSir2B are also both upregulated in parasites that cause severe disease and by unknown mechanisms PfSir2A upregulation correlates with increased expression of upsB var genes which are directly implicated in pathogenic cytoadhesion [92] . PfSir2A also deacetylates rRNA genes and disruption of Sir2A leads to increased rounds of mitotic division, possibly due to increased rRNA levels [93] . It was proposed that PfSir2A may function as a metabolic sensor that influences parasite multiplication rate by responding to changes in NADþ levels in the host, which is a metabolic cofactor essential for PfSir2A activity [93] .
DIFFERENTIATION
Apicomplexan parasites transition through morphologically different lifecycle stages that are characterised by fundamentally different gene expression patterns. Transcription factors of the ApiAP2 family determine stage-specific gene expression patterns in Plasmodium ookinetes and sporozoites [44, 94, 95] ; however, a master regulator of sexual development is yet to be identified. ApiAP2 proteins associate with chromatin-modifying enzymes [96] , and chromatin is recognised as an important regulator of gene expression which is interposed between cell signalling pathways and the transcriptional machinery in cell-fate decision and development [97] . Epigenetic modifications of chromatin thus represent a likely mechanism for integrating transient environmental signals into a stable developmental gene expression program.
Several sexual stage-associated genes are clonally variant expressed [2] and several genes silent in the erythrocytic stage but expressed in other stages are located in transcriptionally silent heterochromatin [8] . However, the majority of genes expressed in other developmental stages are devoid of heterochromatin marks during the intra-erythrocytic lifecycle [8] . Interestingly, clonally variant genes that are not part of gene families are typically not part of the H3K9me3-defined heterochromatin [2] and silent genes that are expressed in other stages of the lifecycle are over-represented in the group of genes that lacked H3K9me3 but were enriched with heterochromatin protein 1 (PfHP1) [8] . These findings suggest that during the erythrocytic asexual lifecycle, uncharacterised chromatin marks may establish heterochromatin at developmentally silenced genes. Alternatively these genes may be maintained in an inducible state and it is their cognate regulators, such as the transcription factors ApiAP2, that are silenced by heterochromatin [2] . In support of this, the histone deacetylase inhibitor (HDACi) apicidin affects the expression and promoter histone acetylation levels of ApiAP2 transcription factor family members and leads to the deregulation of exo-erythrocytic genes [98] .
A role for chromatin in protozoan differentiation is supported by the observation that in the apicomplexan parasite T. gondii encystation is regulated by the opposing actions of an activating histone acetyltransferase (HAT)/arginine-methyltransferase (GCN5/CARM1) complex and the repressive histone deacetylase 3 (HDAC3) complex at the promoters of stage-specific genes [99] . Pharmacological inhibition of the histone deacetylase 3 (HDAC3) complex results in histone 4 hyperacetylation at stage-specific promoters and triggers encystation [100] , but prevents stage conversion of the encysted form to the replicative and sexual forms of the parasite [101] . Toxoplasma gondii encodes two homologues of the HAT GCN5, of which GCN5-A mediates transcriptional changes leading to alkaline-induced differentiation of the latent cyst form of the parasite [102] .
Upon uptake by the mosquito, Plasmodium gametocytes mature into gametes. Male microgametocytes undergo four rounds of rapid mitotic replication, which involves fundamental chromatin rearrangements, and concordantly several chromatin-associated proteins have been shown to be essential for male fertility and microgamete development. PfSET is a nuclear protein involved in chromatin dynamics and accumulates in male gametocytes, indicating a role in DNA replication during mitotic division of microgametes. PfSET is transcribed from an asexual and a sexual-specific promoter [103] . A homologue of the SPT16 subunit of the histone chaperone FACT-PbFACT-L-is essential in asexual stages and repression in sexual stages leads to impaired microgamete formation and delays in DNA replication [104] .
EVOLUTION OF APICOMPLEXAN CHROMATIN PROTEINS
Detailed bioinformatic analyses have uncovered a repertoire of 63 chromatin structure-related proteins in P. falciparum ( [73, 105, 106] and reviewed in [4] ). Based on the P. falciparum proteome size the number of apicomplexan chromatin structure proteins is consistent with other eukaryotes but their domain complexity is lower than their metazoan hosts [73] . There is still potential for many novel apicomplexan chromatin-related proteins to be discovered as the recently published nuclear proteome for P. falciparum has greatly expanded the number of known nuclear proteins [107] . Almost one-third of the proteins identified are unannotated, with many of these unique to P. falciparum or Plasmodium spp.
The apicomplexan chromatin-related proteins (excluding histones) that were inherited from a common ancestor have undergone rapid, lineagespecific evolution [73] . However apicomplexans may also have driven chromatin structure diversity by acquiring chromatin proteins through horizontal transfers. Apicomplexans contain a relict plastid derived from a secondary endosymbiont of red algal origins [108] . This endosymbiont has been proposed as the source of lateral gene transfer for the progenitor of the predominant ApiAP2 family of specific transcription factors that has subsequently undergone lineage-specific expansion [109] . It has also been proposed to be the source of the lysine methyltransferases PfSET3 (PF3D7_0827800) [73] and PfSETvs, which is closely related to the H3K36 methylating SET proteins Ashr3 from plants and ASH1 from drosophila [13, 110] . Intriguingly, the proposed orthologue of the JmjC1 demethylase that demethylates H3K36 in other eukaryotes has been lost from rodent infecting Plasmodium species that have also lost PfSETvs [110] . Although this suggests that these proteins are part of a functional network, knockout of PfJmjC1 does not affect levels of PfSETvs-dependent H3K36me3 [13] and there is no strong evidence for lateral gene transfer of PfJmjC1 [110] . Green algae and chromalveolates including Plasmodium share a unique class II HDAC with ankyrin domains that can deacetylate H4K8ac and H4K12ac of the apicomplexan Cryptosporidium parvum and possibly deacetylates polyacetylated histones following their incorporation in to newly replicated DNA [111] . This protein is absent from sequenced red algae and could also have arisen from a lateral transfer that predates transfers from the red algal endosymbiont of apicomplexans. These intriguing orthologues of plant chromatin proteins in P. falciparum await the genome sequencing of additional algae and other relatives for substantiation of these inferred transfers.
Horizontal gene transfer has also occurred between apicomplexans and their animal hosts and is the proposed source of the chromatin remodeller MORC ATPase [73] and the SET8 methyltransferase [110] in apicomplexans. SET8 methylates H4K20 in eukaryotes including the apicomplexans P. falciparum and T. gondii [22, 23] . H4K20me3 is enriched in P. falciparum heterochromatin but unlike H3K9me3 it is also present at moderate levels throughout the P. falciparum genome [9, 13] . Loss of PfSET8 does not disrupt var gene silencing [13] suggesting that H4K20me3 is not required to silence var genes.
DRUGS TARGETING EPIGENETIC PATHWAYS
Inhibitors of histone-modifying enzymes have been recognised as potent drugs for the treatment of multiple diseases and recent studies have assessed their effect on malaria parasites (Table 2) .
HDACi have proven useful both as a potent new class of anti-parasitic drugs, as well as a tool to study the function of chromatin modifications in the regulation of gene expression. The cyclic tetrapeptide apicidin was a promising first candidate that showed broad anti-parasitic specificity against P. falciparum and other apicomplexan parasites [112] and could inhibit recombinant PfHDAC1 [115] . A genome-wide analysis of transcriptional changes after apicidin treatment revealed global gene expression disturbances affecting about half of the genome and the induction of exo-erythrocytic stage-specific genes during the asexual cycle [98] . Apicidininduced hyperacetylation of H4K8 throughout asexual differentiation, whereas H3K9ac and H3K4me3 levels were reduced in rings. Histone modification changes only partially correlated with transcriptional upregulation of the corresponding genes, but included a set of stage-specific transcription factors of the ApiAP2 family which could be responsible for mediating secondary effects on gene expression [98] . While apicidin is considered unsuitable for clinical use due to its poor selectivity [125] , the cyclic tetrapeptide FR235222 has recently been shown to have more potent effects than trichostatin A (TSA) or pyrimethamine against T. gondii, P. falciparum and Plasmodium berghei in vitro (IC50 10 nM) [100] . FR235222 treatment led to H4 hyperacetylation, but H3K9ac and H2B acetylation were unaffected. In T. gondii, mutation of T99 in the HDAC3 gene conferred resistance to FR235222, and interestingly this residue represents a specific insertion in apicomplexan HDAC3s. FR235222-mediated inhibition of HDAC3-induced H4 hyperactylation and the expression of stage-specific genes and induced the differentiation of replicative stage parasites into the non-replicative encysted stage, identifying TgHDAC3 as a regulator of gene expression and stage conversion in T. gondii [100] .
Several studies have addressed the effect of hydroxamate-based HDACi. TSA inhibited recombinant PfHDAC1 activity [115] , induced global transcriptional changes in P. falciparum [116] and was also highly effective against plasmodium parasites, but showed poor parasite selectivity [113] . Suberic bishydroxamate (SBHA) had cytostatic activity and inhibited parasite growth in a murine malaria model, but did not cure the animals [113] . Another novel potent hydroxamate-based HDACi, SB939, targeted both asexual and liver stages (IC50 150 nM) in vitro [117] . In mice, SB939 administration led to a delay in parasitemia onset and to the prevention of cerebral malaria symptoms, but also no cure was achieved [117] . The clinically approved cancer therapeutic suberoylanilide hydroxamic acid (SAHA, Vorinostat) and two compounds based on 2-aminosuberic acid showed better parasite selectivity than TSA [113, 114] and exhibited activity against multi-drug resistant ex vivo clinical isolates of P. falciparum and Plasmodium vivax [126] . Transcriptome analysis of P. falciparum parasites treated with the three hydroxamate-based HDACi TSA, SAHA and 2-ASA-9 revealed transient but profound transcriptional changes and identified alpha-tubulin as a common upregulated marker [118] .
The class III HDACs PfSir2A and PfSir2B are not individually essential in malaria [56, 58] , however they may execute redundant functions and a Abbreviations: n.d., not determined; ", increase; #, decrease;Tg, Toxoplasma gondii double knock-out has not been attempted. PfSir2A is inhibited by nicotinamide, which is a product of the sirtuin-mediated deacetylation reaction [20, 21] .
In agreement with recent reports of a role of PfSir2A in parasite multiplication rate, nicotinamide administration slows parasite growth [21, 93] . Lysine-based tripeptide analogues targeting the PfSir2 peptidebinding pocket showed moderate activity against P. falciparum, however parasite selectivity compared to human SIRT1 was poor [119] . In addition to HDACs, HAT activity has also been pharmacologically targeted in malaria. Curcumin, a natural polyphenolic compound extracted from turmeric with anti-protozoal activity [120] directly inhibits recombinant GCN5 histone acetylation activity, and in culture results in H3K9 and 14 hypo-acetylation [121] . Curcumin also leads to the generation of reactive oxygen species (ROS), and hypo-acetylation could be partially reversed by addition of the ROS antagonist mannitol, indicating that GCN5 HAT activity may be influenced through oxidation of its essential residues. Anacardic acid (AA) inhibits recombinant GCN5 activity and induces H3K9 and H3K14 hypo-acetylation in parasite culture, but does not affect H4 acetylation at K5, K8, K12 or K16 [122] . Transcriptional profiling showed that loss of H3K9ac at gene promoters 12 h post-AA treatment correlated with gene repression of 270 genes. Effects of both drugs on P. falciparum growth in vitro were moderate (AA IC50 30 mM, curcumin IC50 20-30 mM), but curcumin was shown to work synergistically with artemisinin in a mouse malaria model leading to accelerated parasite clearance [123] .
Two novel chromatin-targeting anti-parasitic drugs are the recently evaluated G9a histone methyltransferase inhibitors BIX-01294 and its derivative TM2-115 [124] . G9a is known as a H3K9 monoand dimethyltransferase, however in P. falciparum culture, BIX-01294 and TM2-115 treatment drastically reduces H3K4me3 levels. Both drugs kill in vitro parasites selectively within 12 h, and in a murine model, a single dose leads to a significantly delayed disease onset and prolonged survival [124] .
CONCLUSION
The unique chromatin structure of the P. falciparum genome is now being revealed through the application of genome-wide analyses in combination with nuclear imaging, classical biochemistry and bioinformatics. Initial inquiries were focussed on elucidating the mechanisms by which P. falciparum controlled the var multigene family. However more recently important contributions of chromatin biology to other determinants of virulence and pathogenesis have been discovered. Now that powerful genome-wide techniques have been established the important frontier of the epigenome in the differentiating parasite can also be explored. The divergent chromatin proteins of P. falciparum may furnish specific drug targets so functional studies identifying essential P. falciparum chromatin proteins should be a priority. We anticipate that the international drive to exploit chromatin regulators as drug targets in human diseases will identify protein domains that could be targeted and families of molecules to screen. Such a strategy could yield much needed, efficacious drugs to combat this important disease.
Key Points
Malaria pathogenesis is regulated by parasite epigenetic mechanisms. Plasmodium falciparum heterochromatin silences contingency genes rather than developmentally regulated genes. The euchromatic parasite genome is largely unstructured but variegated gene expression is controlled by nuclear compartmentalisation.
